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ALÜMİNYUM MATRİSLİ BOR KARBÜR TAKVİYELİ KOMPOZİTLERİN 
AŞINMA VE KOROZYON DAVRANIŞLARININ İNCELENMESİ  
ÖZET 
Alüminyum alaşımları mühendislik ve yapı malzemesi olarak yaygınca 
kullanılmaktadır. Düşük yoğunlukları ve yüksek mukavemet/yoğunluk oranları Al 
alaşımlarının en önemli karakteristik özellikleridir. Al alaşımlarının mekanik 
özellikleri takviye malzemesi ilavesi ile yüksek oranda geliştirilebilir. Al matrisli 
kompozitlerin kullanım alanlarına örnek olarak havacılık, otomotiv ve spor sektörleri 
verilebilir.  
 
Bu çalışmada, 7075 Al alaşım matrisli B4C takviyeli kompozitlerin aşınma ve 
korozyon davranışları incelenmiştir. Kompozit malzemeler ticari 7075 Al talaşı ile 
farklı tane boyutuna sahip B4C partiküllerinin sıcak preslenmesi ile elde edilmiştir. 
Sıcak presleme işlemi 350°C’de 625MPa basınç altında 2 saat süreyle 
gerçekleştirilmiştir. Sıcak presleme işleminden sonra kompozitler her seferinde 90° 
çevrilerek iki kez 350°C’de çok eksenli preslemeye maruz tutulmuştur. Çok eksenli 
presleme işleminden sonra kompozitlere T6 ısıl işlemi uygulanmıştır 
 
Kompozitlerin aşınma davranışları, disk üzerinde bilya aşınma test cihazında 1N 
normal yük altında Al2O3
 
ve çelik toplar kullanılarak normal atmosferik koşullarda 
yapılan aşınma testleri ile hacim kaybı cinsinden belirlenmiştir. T6 ısıl işlemi 
kompozitlerin aşınma direncini artırmıştır. Aşınma direnci B4C partikül boyutunun 
artmasıyla artma eğilimi göstermiştir.  
 
Korozyon testleri, kompozitleri ISO 11846 standardında belirtilen çözeltiye 
daldırarak, oda sıcaklığında 24 saat tutulması suretiyle yapılmıştır. Korozyon 
sonuçları kompozit numunelerde oluşan kütle kayıbına göre değerlendirilmiştir. Isıl 
işlemsiz ve T6 ısıl işlemli numuneler tamamiyle farklı korozyon davranışları 
sergilemişlerdir. Korozyonda kütle kaybı, korozyon sıvısında tutma süresi arttıkça T6 
ısıl işlemli kompozitlerde artarken; ısıl işlem uygulanmamış kompozitlerde 
azalmaktadır. B4C tane boyutuna bağlı olarak kompozitlerin korozyon dirençlerinde 
belirgin bir fark görülmemiştir.          
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WEAR AND CORROSION BEHAVIORS OF ALUMINUM MATRIX 
BORON CARBIDE REINFORCED COMPOSITES 
SUMMARY 
Aluminum alloys are all widely used as engineering and construction materials. The 
important characteristics of Al alloys are their light weight and high specific strength. 
The mechanical properties of Al alloys can be greatly enhanced by incorporating 
reinforcing particles to form Al alloy-based metal matrix composites. Possible 
applications include air-frame components, automotive engines, transmission and 
brake disc components and bicycle frames.  
 
In this study, wear and corrosion behaviors of 7075 Al alloy matrix B4C particle 
reinforced composites were examined. Composites were manufactured by hot 
pressing of commercial grade 7075 Al alloy chips blended with 10 wt.%  B4C 
particles of different sizes.  Hot pressing was carried out at 350°C for 2 hours under 
pressure of 625MPa. After hot pressing composites were subjected to two sequential 
multi-axially pressings at 350°C by rotating 90°. After multi-axially pressing, T6 
temper heat treatment was applied to the composites.  
 
Wear behavior of composites were determined a ball-on disc type wear tester by 
rubbing Al2O3
 
and steel balls under normal load of 1N at normal atmospheric 
conditions. Results of the wear tests were evaluated according to the volume loss of 
the material. When compared to the untreated state, T6 temper improved wear 
resistance, which increased slightly with increasing boron carbide particle size.  
 
Corrosion tests were carried out by immersing the composites in a corrosive solution 
prepared according to ISO 11846 standard for 24 hours at room temperature. The 
results of the corrosion tests were evaluated according to the weight loss method. 
Untreated and T6 tempered composites exhibited completely different behavior 
during corrosion tests. Weight loss of composites in corrosion with holding time 
decreased for untreated samples while increased for T6 tempered samples. Corrosion 
tests did not reveal any considerable difference in corrosion resistance of composites 
depending on the size of B4C particles  
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1. INTRODUCTION 
The term composite is used for describing materials which are semi-homogenous and 
have higher mechanical and physical properties than that of their components. 
Although there is no well known description for composite materials, by the broadest 
definition, composite materials can be described as materials which have at least two 
chemically distinct metal or non-metal components with a distinct interface 
separating the constituents [1]. Figure 1.1 shows the materials used for producing 
composites. 
 
Figure 1.1: Material classes used in composite materials [1] 
In order to shorten the range of description given above, composite materials must 
have the following properties [2]   
• Have to be produced synthetically 
• Must be a combination of at least two chemically different materials 
• Components of composite materials have to contact each other in three 
dimensions 
• Composite materials must have better properties than that of their 
components. 
  2 
Components of composites are usually insoluble in each other and chemically 
different from each other. The properties of the new material are dependent on the 
properties of each constituent as well as the properties of the interface. Composites 
exhibit improved properties than that of their components. When both chemical and 
structural properties are taken into consideration, composite materials are material 
systems which consist of at least two different materials that are not soluble in each 
other and have different shape and/or compositions [3].   
In the production of composite materials, many different types of reinforcements are 
used. According to their structural shapes, reinforcement materials are basically 
classified as continuous or discontinuous. Reinforcement materials are found in the 
following forms [4,5] :    
• Continuous fiber 
• Discontinuous fiber 
• Whisker 
• Particulate 
• Wire  
Depending on the type and shape of the constituent, composites can be classified as 
[3,6]  
• Continuous fiber reinforced composites 
• Particulate reinforced composites 
• Whisker or discontinuous fiber reinforced composites 
• Plate like composites 
• Filled composites 
• Laminate composites 
If matrix materials are considered, classification can be made as follows [3,6]  
• Ceramic matrix composites 
• Polymeric matrix composites 
• Metal matrix composites  
  3 
Aluminum (Al) alloys and Al alloy-based metal matrix composites are all widely 
used as engineering and construction materials. The important characteristics of Al 
alloys are their light weight and high strength-weight ratio. The mechanical 
properties of Al alloys can be greatly enhanced by incorporating reinforcing particles 
to form composites. Possible applications include air-frame components, automotive 
engines, transmission and brake disc components and bicycle frames.  
Boron carbide (B4C) belongs to the light ceramic material group, melts at high 
temperatures and exhibits high mechanical properties, chemical resistance as well as 
neutron absorbing [7,8]. Despite all its advantages, low fracture toughness is the 
most important disadvantage of boron carbide [7]. Boron carbide is the third hardest 
material after diamond and cubic boron nitride, but the most produced and used of 
hard materials.  
Melting point (2450°C), boiling point (3500°C), hardness(2900-3580kg/mm2, knoop, 
100g), Young modulus (450-470GPa), shear modulus (180GPa), oxidation 
temperature in air (above 875°K) are some of the attractive properties of boron 
carbide [7]. 
Boron carbide is a well known chemically distinct (stable) material. Standard 
formation enthalpy of boron carbide is 9,3-17,1 kcal/mole. It does not react with 
acids and alkalis, but boron carbide dissolves slowly in mixtures like HF-H2SO4
 
and 
HF-HNO3. Boron carbide may oxidize in some acids like HNO3, H2SO4 , HClO4. 
Boron carbides with small particle sizes may oxidize in humid air or oxygen and on 
the particle surface formation of B2O3, HBO3
 
or H3BO3
 
films can be observed [9]. 
 The crystal structure of boron carbide is given in Figure 1.2 as rhombohedra. In the 
Figure 1.2 atomic structure of boron carbide, each C atom bonds with four or more 
boron atoms. In 1883 Joll and Moissan synthesized boron carbide in the pure form 
and characterized at different compositions. 
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Figure 1.2: Structure of boron carbide [8] 
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2. METAL MATRIX COMPOSITES  
Metal matrix composites (MMC) are a group of advanced materials designed for use 
mainly at elevated temperatures where existing materials are not suitable for use [4]. 
As the name implies, the matrix is a ductile metal. Reinforcements such as 
intermetallic compounds, oxides, carbides and nitrides improve specific stiffness and 
specific strength, wear resistance, creep resistance and dimensional stability [2]. 
While chemical composition, morphology, microstructure, physical/mechanical 
properties and cost are important parameters for the reinforcement selection, 
oxidation resistance, corrosion resistance, density, strength and ductility/toughness 
ratio are important parameters for the matrix selection [4]. Al, Ti, Mg, Ni, Cu, Pb, 
Fe, Ag, Zn, Sn and superalloys are widely employed as matrix materials, Al, Ti and 
Mg alloys have wide application areas when compared to others [4,10,11].   
Each year, hundreds of new applications of composites are tried in different 
disciplines such as sports, aeronautical and automotive industries. Composite 
materials offer designers an increasing array of material and system solution. 
Reducing the weight of the vehicle therefore reducing the consumption of fuel is 
very important for high technological applications. Since (MMCs) are more 
expensive than matrix alloys, they are used in the fields where material’s properties 
are more important than the cost [1]. The most important property of MMCs is wear 
resistance. They are used in high wear applications [2]. 
On the other hand, like ceramic composites the reason for low use of MMCs is that 
they have low fracture toughness and there is a difference in thermal expansion 
coefficients of constituents.  
The key parameter for MMCs at elevated temperatures is the specific strength 
(strength/density). Figure 2.1 shows the service temperature and specific strength of 
some material groups. MMCs are more reliable than the conventional materials at 
high temperatures.   
  6 
 
Figure 2.1:  Performance of some materials according to their specific strength and 
service temperature [4] 
Although MMCs have been well known over the last forty years, the application of 
MMCs have been increasing for the last twenty years because of problems related 
with manufacturing processes and finding fibers that are compatible with matrix. 
There are many advantages of MMCs when compared with metals. 
Advantages of MMCs over conventional metals are [10] :  
• High elastic modulus 
• High strength (tensile, compressive, wear, creep and slip) 
• Stability at elevated temperatures 
• MMCs posses ductility and toughness of metals and high elastic modulus and 
strength of ceramics. 
• Low density 
• Low sensitivity to temperature differences and thermal shocks 
• High electrical and thermal conductivity 
Disadvantages of MMCs are [1] : 
• Low ductility 
• Low fatigue resistance 
• Complex and expensive production techniques  
  7 
Since discontinuous reinforcement materials can be produced and obtained easily, in 
recent years, they are preferred in the manufacturing of MMCs. After production 
they may be subjected to a secondary process such as forging, rolling and/or 
extrusion. Easy production techniques lead to the use of MMCs in many fields such 
as sports equipment and automotive industry [12].  
Many different metals are used as matrix material in MMCs. Matrix acts like a 
binder to hold reinforcement particles together and the main function of matrix is to 
transfer and distribute the stress to the reinforcement material. The transfer of stress 
depends on bonding interface between matrix and reinforcement, which depends on 
the type of matrix and the reinforcement as well as the fabrication technique. The 
major problem for attaining good load transfer is the achievement of proper bonding 
between the matrix and the reinforcement. Not all combinations of reinforcement and 
matrix are compatible and many combinations cannot be processed into 
commercially useful composites. In some composites, the coupling between the 
reinforcement and the matrix is poor and adhesion promoters are needed. In others 
excessive interfacial reactivity can lead to a brittle layer around the reinforcement. 
The most important parameter for the MMCs is the compatibility between matrix and 
reinforcement material. In order to enhance wettability therefore the interface bond 
between matrix and reinforcement, matrix should be alloyed. Researches show that 
aluminum and aluminum alloys are the best matrix materials when wettability, cost 
and density are to be taken into consideration [13].   
Particle reinforced metal matrix composites are a class of materials that exhibit a 
blending of properties of the reinforcement and the matrix. According to their 
chemical compositions reinforcement materials are classified into three groups; 
nitrides, oxides and carbides. As can be seen in Figure 2.2, the main reason for using 
particles to reinforce the matrix is to reduce the cost [4,14]. Strength of particulate 
reinforced composites depends on particle diameter, size of vacancy between 
particles, volume fraction of reinforcement and matrix/reinforcement interface [11].  
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Figure 2.2: Comparison of cost and performance for some composites [15] 
In the selection of reinforcement material, the factors listed below must be taken into 
consideration [6,11,24]. 
• Elastic modulus  
• Tensile strength 
• Density 
• Size and shape  
• Thermal stability 
• Thermal expansion coefficient 
• Chemical stability 
• Cost   
If the composite material will be used in structural applications, reinforcement 
material must have high strength, elastic modulus and low density. Since cornered 
particles cause stress concentration and decrease the ductility, the shape of the 
particle has strong influence on mechanical properties [1].  
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3. ALUMINUM MATRIX COMPOSITES 
Since Al has high specific strength, high electric conductivity, low density, high 
corrosion resistance and is cheaper than other light metals, the use of Al has been 
increasing rapidly [4,6,11]. The chief limitation of aluminum and its alloys is their 
low melting temperature (~660°C) that limits their maximum service temperature. 
However they remain the major materials for airplane construction and are used for 
many applications due to various advantages such as low specific weight, high 
specific strength, high elastic modulus and high wear resistance [16].  
Aluminum alloys, 2xxx (AlCuMg), 5xxx (AlMg), 6xxx (AlMgCuSi), 7xxx 
(AlZnMgCu) and especially due to the wetting characterization of 8xxx (AlLi), are 
widely used in composite production. For example, 7xxx Al alloys exhibit better 
strength and toughness combination required for the aviation applications than the 
2xxx Al alloys do, but despite this, 2xxx Al alloys are more preferred for aviation 
applications because of interface reactions that occur between 7xxx Al alloys and 
reinforcement materials resulting in degradation in the strength of composites. [4]. 
Although 6xxx Al alloys have medium to high strength and medium fatigue strength, 
since 6xxx Al alloys exhibit more corrosion resistance than the other Al alloy series, 
6xxx Al alloys are often used as matrix material [4,6]. 8xxx Al alloys show good 
wettability characteristics and they attract the attention of researchers on them.  
Aluminum alloys are strengthened in a number of ways including solid solution 
strengthening, cold working, dispersion strengthening and age-hardening. Age 
hardening (known as precipitation hardening) is a process whereby a fine precipitate 
structure is formed in the alloy matrix following an ageing heat treatment. The most 
commonly used aluminum alloys for airplane construction are the age hardening 
alloys in the 2xxx and 7xxx series [16]. 
Particle reinforced Al matrix composites produced by powder metallurgy or liquid 
phase techniques exhibit excellent mechanical properties. Table 3.1 shows the 
reinforcement materials used in aluminum matrix composites.   
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Table 3.1: Reinforcement materials used in Al matrix composites [17] 
Reinforcement Particle size (µm) 
Al2O3 3-200 
SiC, particle 6-120 
SiC, whisker 5-10 
Graphite, lamellar 20-60 
Zirconium 40 
Silica sand 75-120 
Zirconium oxide 5-80 
TiC 46 
Mg 40 
Boron nitride 46 
Mica 40-180 
B4C 50-80 
 
Table 3.2 and Table 3.3 show mechanical properties of some unreinforced Al alloys 
and reinforced Al alloys, respectively. 
 
Table 3.2: Mechanical properties of pure Al alloys [4,6,11,14] 
Alloy Yield Strength 
(MPa) 
Tensile Strength 
(MPa) 
Elongation 
(%) 
Elastic Modulus 
(GPa) 
6061 Al  T6 275 310 20 69 
2014 Al T6 414-476 483-524 13 73 
2021 Al 414 483 13 73 
2124 Al T6 325 470 12 72 
2618 Al T6 370 470 9 74 
7075 Al T6 505 570 10 72 
8090 Al T6 415 485 7 80 
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Table 3.3: Mechanical properties of some Al matrix composites [18,19,20] 
Matrix Reinforcement and 
content (vol. % ) 
Yield Strength 
(MPa) 
Tensile 
Strength 
(MPa) 
Elongation 
(%) 
Al SiC, 20 117 200 10 
2014-T6 SiC, 10 457 508 1,8 
2014-T6 Al2O3, 20 495 515 1,2 
6061-T6 SiC, 15 290 340 5,5 
6061-T6 SiC, 20 345 410 4,9 
6061-T6 SiC, 30 380 435 1,8 
6061-T6 Al2O3, 20 307 349 5,3 
7091-T6 SiC, 20 500 560 1,8 
  
K.M. Shorowordi et al made a comparative study about microstructure and interface 
characteristics of B4C, SiC and Al2O3
 
reinforced Al matrix composites [21]. In his 
study, the reinforcing particles of SiC and Al2O3
 
were preheated
 
at 900°C  for 1 and 
2h in air, respectively to increase their surface reactivity, while B4C was preheated at 
175°C  for 2h. Then, heat-treated particles were mixed into the melt through the 
vortex. Finally the melt had been poured into a 52mm internal diameter cylindrical 
graphite mould. Various compositions ranging from 0 to 20 vol.% of Al–SiC and Al–
Al2O3
 
, and 0–13 vol.% Al–B4C composites had been processed. Composites had 
been subjected to hot extrusion at 420°C with an extrusion ratio of  27 at a speed of 1 
m/min. Hot extruded composites of 10mm diameter bar had been then heat treated at 
400°C for 2h and cooled in furnace to remove the extrusion effect. 
For Al-B4C composite, they had detected no clear interaction layer at the interface. 
The B4C particles had seemed to adhere well to the Al matrix. They had observed 
two secondary phases in the matrix away from the interface. From EDX analysis 
they had thought that these phases were Al2O3 and aluminum boron carbide. The 
alumina particles were small and spread throughout the Al matrix while the second 
phase consisted of relatively larger particles but were less in number. B4C 
decomposes by chemical interaction with solid or liquid aluminum at temperatures 
ranging from 627 to 1000°C. The reaction products are ternary carbide Al3BC and 
diboride, AlB2
 
up to 868°C. At temperature higher than 868°C, Al3BC is still formed 
while Al3B48C2 replaces AlB2. As the processing temperature is below 868°C, the 
phases present were expected in the Al- B4C composites to be Al3BC and AlB2. But 
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no aluminum boron containing phase had been found. Hence, it was thought that the 
aluminum boron carbon containing phase was Al3BC. No Al4C3 was present in Al–
B4C composites as it had been processed below 1000°C. This was a specific feature 
that differentiates the Al– B4C couple from other reactive couple such as Al–SiC, at 
the interface of which Al4C3
 
appears as a major reaction product. Moreover, the 
secondary phases that were produced in Al- B4C system were not detrimental for the 
composites like Al4C3. These rather improve the properties of the composites. 
H.M. Hu et al studied microstructue of B4C/Al composites produced by cold isostatic 
pressing [22]. In their study, B4C particles with a mean size 10µm and Al powders 
had been blended and isostatically cold pressed. Cold isostatically pressed samples 
had been sintered under vacuum conditions. Sintered samples then had been extruded 
at a reduction of 35:1. The as-extruded composite had been subsequently solution 
heat-treated at 493°C for 2h and water quenched and artificially aged at 135°C for 
3h. The microstructure of the B4C:Al-7093 composite in the present investigation 
had been characterized by standard metallography and polishing techniques. The 
primary and secondary phases present in the microstructure had been identified using 
transmission electron microscopy (TEM), scanning electron microscopy (SEM) and 
X-ray diffraction. The grain sizes are 3–5mm, and a large number of precipitates 
were present in the Al matrix. EDS spectra of these precipitates showed that they 
were enriched not only with Mg and Zn but also with Cu, suggesting that they were 
probably Mg(Zn,Cu)2 precipitates. Higher magnification clearly showed the variation 
of precipitates in the matrix. Basically, the precipitates exhibited two types of 
morphologies: plate-shaped precipitates with an average size of 0.10mm in thickness 
by 0.55mm in length, and spherically-shaped precipitates with an average size of 
0.15mm, which was similar to those seen in Al-7075-T651. In some cases, plate-
shaped precipitates, stacked close to each other, formed precipitate bands in the 
matrix. The density of these precipitates varied among the specimens. For example, 
in another specimen, a much lower density of precipitates had been observed. Two 
types of B4C:Al -7093 interfaces were observed in the specimens: (a) clean interfaces 
free of precipitates and (b) interfaces containing dispersed phases. The former type of 
interface was seldom seen in the composite, although the latter type of interface was 
typical. The dispersed phases were equiaxed, a few tens of nanometers across, and 
often appeared in clusters with no evidence of preferred orientation. In regions with 
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high concentrations of interface phase, the concentration of precipitates in the 
adjoining matrix was generally reduced. As described above, the amount of 
precipitates in the aluminum matrix and in grain boundaries was related. EDS spectra 
consistently showed that the stronger the Mg peak, the stronger the O peak, 
indicating the presence of MgO or MgAl2O4
 
at the B4C:Al interfaces. Although it 
was possible that segregated Mg atoms had been oxidized after results are attributed 
to the presence of MgO and:or MgAl2O4
 
 at the interfaces in B4C:Al-7093. 
Halverson et-al have studied processing of boron carbide-aluminum composites [23]. 
They focused on finding the phases in the microsturucture. In their study, they mixed 
B4C powder (three particle-size distributions with median sizes of 4, 10, and 56pm) 
and aluminum powder (-325 mesh) in isopropyl alcohol, ultrasonically mixed the 
slurry to achieve homogeneity, and consolidated the solids by filtration in a plaster-
of-Paris mold.  They consolidated samples using three diffrent techniques which are 
pressureless sintering, hot-pressing, and hot isostatic pressing. Hot pressing was 
achived under a pressure of 207MPa at 1000-1200°C. B4C and aluminum react to 
form phase Al4BC. Under local equilibrium between 800°C and 900°C, AlB2
 
and 
Al4BC are the major reaction products. Under these conditions, phase Al4BC   is 
stable, and it will decompose only after all of the free aluminum is depleted from the 
system. Above 1100°C, there is less phase Al4BC3
 
because aluminum is rapidly 
being depleted through the formation of other more thermodynamically stable 
phases. Above 900°C, but below 1200°C, the following microstructural differences 
occur: (1) AlB12C2 is thermodynamically favored over AlB12
 
between 900°C and 
1000°C, and (2) AlB2, continues to form up to 1000°C; however, above 1000°C, 
AlB2
 
is only present when the microstructure is cooled. Between 1200 Co  and 
1400°C, the following further changes in the microstructure occur: (1) Al4C3
 
is 
forming very quickly (associated with a decrease of the ternary phase Al4BC); (2) 
AlB24C4
 
is now favored over AlB12C2
 
and becomes the major ternary phase; (3) 
above 1300°C, XRD patterns indicate the appearance of a phase previously reported 
as Al4B1-3C4
 
but more recently reported as Al8B4C7
 
and (4) at 1400°C, Al4C3
 
begins 
to crystallize in the shape of short whiskers. 
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4. APPLICATION OF ALUMINUM MATRIX COMPOSITES  
Aluminum matrix composites (AMC) are widely used in aeronautical, military, 
automotive and sport fields due to not only some mechanical properties like  high 
strength, elastic modulus, wear resistance, low density but also low thermal 
expansion coefficient, high electric conductivity and heat transfer coefficient. 
Although continuous fiber reinforced aluminum composites are expensive, the best 
use of continuous fiber reinforced aluminum is in aeronautical area since the volume 
of production is low and profits with saved weight are high. When compared to 
aeronautical industry, the production volume of AMCs is large in automotive 
industry area. In automotive industry, particulate reinforced aluminum composites 
are of interest [6].        
Figure 4.1 shows the usage of materials used in jet engines and automobiles  
 
Figure 4.1 : Materials used in jet engines and automobiles [4] 
Aluminum metal matrix composites (AMCs) are candidate materials for automotive 
industry applications such as brake discs as a means of reducing vehicle weight and 
brake operating temperatures. One major limitation for widespread commercial use 
of AMCs brake discs is their high cost, often more than double the piece cost of gray 
cast iron discs [24]. 
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Table 4.1 shows the composite materials used in automotive industry and their 
advantages. 
Table 4.1: Composites used in automotive industry and their advantages [25] 
Composite Applications Advantages 
Al-SiC particulate Piston, brake disc, shaft Weight savings, wear 
resistance 
Al-SiC whisker Connecting rods High specific strength and 
stiffness, low thermal 
expansion 
Mg-SiC particulate Pulley, engine block Wear and thermal 
resistance 
Al-Al2O3-short fiber Piston rings, combustion 
chamber 
Wear resistance, high 
service temperature 
Al-Al2O3-long fiber Connecting rod High specific strength and 
stiffness, low thermal 
expansion 
Cu-Graphite Electricity materials Low friction and wear, 
low thermal expansion 
coefficient 
Al-TiC Cylinder, bearing Low wear and weight 
saving 
Al-Al2O3
 
–C fiber Engine block Weight saving, high 
strength and wear 
resistance 
4.1. Aeronautical Applications 
MMCs with high specific stiffness and near-zero coefficient of thermal expansion 
(CTE), has been developed for space applications. MMCs exhibits high-temperature 
capability, high thermal conductivity, low CTE, and high specific stiffness and 
strength. Those potential benefits generated optimism for MMCs for critical space 
system applications in the late 1980s. The materials used for aircraft construction can 
be split into two broad categories; airframe materials and engine materials [16].  
Table 4.2 shows the composite materials used in aeronautical industry and their 
advantages and Figure 4.2 shows the usage percent of structural composites in 
Airbus planes. 
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Table 4.2: Composites used in aeronautical applications and their advantages [17] 
Composite Applications Advantages 
Al-SiC particulate  Plane frame, stringer and 
rib 
Wear resistance 
Al-C fiber Plane engine Thermal stability and 
creep resistance 
Al-Ti/Be wire Helicopter flywheel shaft Strength 
Ti-Al/C fiber  Rocket engine Thermal stability 
Ti/Mo fiber Ultrasonic rocket hurler High service temperature 
Ti-Al/SiC Turbojet plane parts High strength and creep 
resistance 
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Figure 4.2: Usage percent of structural composites in Airbus planes [13] 
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5. PRODUCTION TECHNIQUES  
MMCs are produced using conventional fabrication techniques and many fabrication 
techniques were developed for optimization of composite’s structure and properties. 
Fabrication techniques of MMCs can be classified into three groups according to the 
temperature of metal matrix [4,10,19].  
• Solid state techniques 
  - Diffusion bonding 
  - Powder metallurgy 
• Liquid phase techniques 
  - Liquid metal infiltration 
  - Squeeze casting 
  - Spray co-deposition 
  - Compocasting 
• Dual phase (liquid/solid) techniques 
5.1. Powder Metallurgy 
Consistently improved property composites have been obtained from composites 
produced by powder metallurgy. Consolidation in powder metallurgy refers to the 
production of coherent metal structures using metal powders as the major raw 
material. Production of metal powders and consolidation are the first and second vital 
steps, respectively. For industrial applications, attainment of final product 
accompanied by required material properties is of great importance in the 
consolidation process [26]. Since powder metallurgy is capable of meeting industrial 
demands and provides high facility in the consolidation, powder metallurgy is a 
convenient production technique. 
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Powder metallurgy is a culmination of processes used for turning the compactable 
metal powders into strong and high performance pieces. Powder metallurgy is the 
most commonly used method for the preparation of composites filled by 
discontinuous particles and the first advanced technique due to the low wettability of 
reinforcement materials by liquid alloy [4]. When compared to other techniques 
relatively low consumption of energy and low cost are the driving forces for the 
powder metallurgy to become widespread [13]. Powder metallurgy allows producing 
metals with a high melting point. The problems like oxidation, segregation, gas 
absorption and unalloying due to the density differences can be eliminated in powder 
metallurgy.  
Figure 5.1 shows the flow chart for composite fabrication by powder metallurgy. The 
classical powder metallurgy technique consists of three stages which are blending, 
gathering powders together (pressing) and sintering, respectively [10]. In this process 
powders of composite’s components are first blended and fed into a mould of the 
desired shape [4]. Since distribution of reinforcement in metal matrix depends on 
mixing, mixing process is an important process [4,6]. Pressure is then applied to 
compact the powder. In order to facilitate the bonding among the powder particles, 
compact is heated to a temperature which is below the melting points of composite 
components. Up to 85-90% theoretical density can be achieved after sintering [4]. 
 
Figure 5.1: Flow chart for composite fabrication by powder metallurgy [4] 
  19 
Table 5.1 shows pressing pressure of some materials. Pressing pressure can be 
performed in a high wear resistance and hard enough mould. The pressing pressures 
are chosen between 60 and 800MPa according to metal powder. Complex pieces can 
be produced utilizing either single acting or double acting presses with an average 
rate of 25 parts per minute [13]. 
Table 5.1: Typical pressure values for powders [13] 
Material Pressure (MPa) 
Aluminum 69-276 
Brass 414-687 
Bronze 207-276 
Graphite 138-165 
Carbides 138-414 
Alumina 110-138 
Ferrite (low density) 345-414 
Ferrite (medium density) 414-552 
Ferrite (high density) 483-827 
Tungsten 69-138 
Tantalum 69-138 
 
Figure 5.2 shows changes in density that occur during pressing. 
 
       (a)      (b) 
Figure 5.2: Changes in density (a) single acting press and (b) double acting press 
[13] 
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Figure 5.3 shows operation sequence in powder metallurgy using single acting press. 
 
Figure 5.3: Operation sequence in powder metallurgy, single acting press [13] 
Compacted metal powders are called green packed bodies. Only physical bonds 
occur between metal powders during pressing. Green packed bodies contain a lot of 
porosities. In order to decrease the number of porosities, green packed bodies are 
heated in a furnace to a temperature that is usually below the melting point of the 
major constituent. During sintering metal powders are chemically bonded. 
Compacted metal powders can be sintered in an atmosphere controlled furnace. The 
most important parameters for sintering are time, temperature and atmosphere [26]. 
The driving force for sintering is decrease in the surface energy that occur at elevated 
temperatures. As the surface energy decreases, diffusion rate increases therefore 
necking area between powders occurs and powders diffuse to each other. Diffusion 
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occurs in many ways, such as surface diffusion, vapor transportation, contact point 
diffusion. Figure 5.4 shows intermetallic shrinkage changes during sintering.   
 
Figure 5.4: Sintering mechanism [8] 
Hot press can be used instead of cold press [4,6]. Denser composites can be obtained 
by using hot isostatic press as compared to cold press. Extrusion, rolling or forging 
can be applied to the semi finished products produced by cold and/or hot pressing in 
order to get the theoretical density and increase mechanical strength. [4,27].     
Powder used in these techniques can be pre-alloyed atomized powders with a particle 
sizes of 20-40µm or wires obtained by fast solidification [10]. Optimum 
reinforcement particle size is described in terms of ratio of reinforcement particle 
size and metal powder size [14,27]. 
Vacuum must be applied in order to prevent the formation of porosity in hot and cold 
pressing. Temperature in hot press under vacuum conditions is determined according 
to the solidus temperature of the alloy. Temperature, under the solidus temperature or 
at which solid-liquid phases are found together, is selected as pressing temperature. 
Lower temperatures restrict the reactions between matrix and reinforcement particles 
therefore higher mechanical properties are obtained [4,14]. 
The schematic view of a hot press is given in Figure 5.5. Hot pressing is the 
simultaneous application of elevated temperature and compressive stress to 
consolidate partially or fully sintered components. The hot press technique was 
developed for the powder metallurgy industry and has successfully been applied to 
ceramic components over last several decades. Pressure increases the driving force 
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for densification, in effect, reducing the process temperature required for a sintering 
process. Also hot pressing results in smaller over grain size, more precise control 
over the microstructure and the flexibility of functionally grading the ceramic layers 
[28].  
 
Figure 5.5:  Schematic view of hot press [27] 
Hot isostatic pressing is a production technique in which high isostatic pressure is 
applied to a powder or compact at high temperatures to produce particle bonding. 
This process usually results in the manufacturing of a fully dense body. Partially 
dense bodies can also be produced by hot isostatic pressing. Schematic view of 
isostatic pressing is given in Figure 5.6. 
 
Figure 5.6: Schematic view of isostatic press [26] 
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The key parameter of isostatic pressing is to apply the pressure to the powder or 
compact equally from every side. Elevated temperature for aluminum alloy powder 
processing is approximately 480°C.   
Figure 5.7 compares size changes in isostatic compaction and die compaction. More 
dense structures can be obtained by using isostatic compaction. 
 
Figure 5.7: Comparison of size changes in isostatic compaction and die compaction 
[26] 
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6. EXPERIMENTAL STUDIES 
6.1. Production of Composites 
In this study, commercial grade 7075 Al alloy chips were separately blended with 
B4C particles with an average particle size of 10µm, 25µm, 30µm and 75µm for two 
hours by utilizing a dry blender. Weight percent of B4C particles was kept constant 
at 10 wt. % for each mixture. Table 6.1 lists the composition of the 7075 Al alloy 
used in this study.  Mixtures were hot pressed under a pressure of 625MPa at 350°C 
for two hours to produce disc shaped samples having a diameter of 20mm and a 
thickness of 12mm. Hot pressed discs were multi-axially pressed at 350°C under a 
pressure of 625MPa. For multi-axially pressing, discs were machined to 14x14mm 
squares and placed in the die having 20mm diameter. Multi-axially pressing was 
conducted several times by rotating the samples at 90°. 20mm diameter disc samples 
were fabricated after each multi-axially pressing.  
Within the scope of this thesis further studies were conducted on as-pressed and heat 
treated samples. The heat treatment process (T6) was performed by holding the 
samples at 470°C for half an hour, water quenching and aging. Aging was carried out 
at 120°C for twenty-four hours. Figure 6.1 shows the flow chart of fabrication.                 
Table 6.1: The chemical composition of 7075 aluminum alloy used in this study 
% Zn % Mg % Cu % Fe % Si % Cr % Mn 
5,62 1,74 1,62 0,3 0,14 0,097 0,09 
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Figure 6.1: Flow chart of fabrication                 
Hot press used in this study is shown in Figure 6.2.   
 
Figure 6.2: View of the hot press used in this study 
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6.2. Microstructural Characterization  
Microstructural characterization was carried out by optical microscopic examination 
and X-ray diffraction (XRD) analysis. Microscopic examination was conducted on 
the cross sections of the discs after preparing the samples according to standard 
metallographic methods. XRD analysis was conducted on a Rigaku X Ray 
Diffractometer at a generator voltage and current of 40kV and 30mA, respectively. 
αCoK  radiation was used to irradiate the samples. The x-ray diffraction was 
performed at a speed of 2 degrees per minute with a step-scan size of 0,02°, at angles 
between 10° and 100°.   
6.3. Hardness and Wear Tests  
Mechanical properties of the samples were determined by hardness measurements 
and wear tests. Hardness measurements were made using Shimadzu micro hardness 
tester with a Vickers indenter under a load of 2kg. Results of hardness tests were 
evaluated by averaging the results of 10 successive measurements.  
Wear tests were conducted under dry sliding wear testing conditions on a CSM ball-
on disc wear tester (Figure 6.3) at normal atmospheric conditions (23°C and at 40% 
relative humidity). Wear tests were carried out by rubbing Al2O3 and 52100 quality 
steel balls having diameter of 10mm to the surfaces of the samples under a normal 
load of 1N.  Total sliding distance and sliding velocity were 500m and 0,1ms-1, 
respectively. After wear tests, the wear tracks were examined by a Veeco 
profilometer, Leica stereo binocular microscope and a Leica optical microscope.  
 
Figure 6.3: View of wear tester used in this study 
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6.4. Corrosion Tests 
Corrosion tests were carried out by immersing samples in a corrosive solution of 
30gr NaCl, and 10cc HCl dissolved in 1000ml pure water prepared according to the 
ISO 11846 standard. For each sample the volume of the solution was 150ml. 
Corrosion tests were performed for 24 hours at 24°C. The results of the corrosion 
tests were evaluated according to the weight loss of the samples. For this purpose 
samples were removed from the solution and their weights were measured at certain 
intervals. In the first twelve hours each specimen was taken out from the corrosive 
solution at every three hours and in the second twelve hours each specimen was 
taken out once at the end of the test. After testing time of 24 hours cross-sections of 
the corroded samples were examined with an optical microscope, also the surfaces of 
corroded samples were examined with SEM.   
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7. RESULTS AND DISCUSSIONS 
7.1. Microscopic Examinations 
Optimum processing conditions for composite fabrication were determined by 
examining the microstructures of as-pressed and multi-axially pressed samples. The 
variation of microstructure upon application of multi-axially pressing is presented in 
Figure 7.1. In as-pressed discs, it was observed that all B4C particles were segregated 
around the 7075 Al alloy chips and exhibited a network structure. Since network 
structure has detrimental effect on the mechanical properties, this type of 
microstructure is not desirable for an engineering material. Upon application of 
multi-axially pressing the network structure tended to be eliminated by developing 
laminated structure. As the number of multi-axially pressing increases, alignment of 
B4C particles in one direction and breaking in the network structure is observed. 
 In the present study, number of multi-axially pressing is selected as two for further 
examinations. Optical micrographs of the examined materials after twice multi-
axially pressing are presented in Figure 7.2. Optical micrographs obtained from hot 
pressing and first multi-axially pressing are shown in appendix Figures A.1 and A.2, 
respectively. The high magnification micrographs of the particle/matrix interfaces 
are shown in appendix Figure A.3.      
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       (a)                         (b) 
                       
           
        (c)               (d) 
                                 
 
 (e) 
Figure 7.1: Microstructures of 10µm B4C reinforced composites (a) hot pressed  
only, (b) hot pressed and once multi-axially pressed, (c) hot pressed and 
twice multi-axially pressed, (d) hot pressed and three times multi-
axially pressed, (e) hot pressed and four times multi-axially pressed 
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         (a)               (b)           
            
           (c)                (d)            
 
(e) 
Figure 7.2: Microstructures of the hot pressed and twice multi-axially pressed 7075 
Al    alloy and B4C reinforced composites (a) 7075 Al alloy, (b) 
composite containing 10µm B4C, (c) composite containing 25µm B4C , 
(d) composite containing 30µm B4C and (e) composite containing 75µm 
B4C 
   
XRD patterns of both untreated and T6 tempered composites containing 10 wt. % 
B4C with an average particle size of 10µm are given in Figures 7.3 and 7.4, 
respectively. The Bragg reflection peaks obtained from the specimens were matched 
  31 
with the potential phases in the structure by fixing of the 2θ  values to the strongest 
reflected intensities. Besides the main phases of Al and B4C, AlB2 type intermetallic 
were appeared on the XRD patterns of both untreated and T6 tempered composites. 
Since the second and third strongest peaks of Al4C3 phase were not seen in the XRD 
patterns, the formation of Al4C3 is not certain. There is probably Al4C3 phase in the 
microstructures of both untreated and T6 tempered composites.   
 
Figure 7.3: XRD pattern of untreated composite containing B4C particles with an 
average size of 10µm 
 
Figure 7.4: XRD pattern of T6 tempered composite containing B4C particles with an 
average size of 10µm 
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7.2. Hardness Test Results 
The average hardness values of the samples are listed in Table 7.1. Commercially 
extruded 7075 Al alloy is taken as reference sample. Hot pressed and multi-axially 
pressed samples produced from chips without reinforcement are coded as 
unreinforced 7075 Al alloy and exhibited almost similar hardness to that of reference 
alloy. Addition of B4C particles and application of T6 temper resulted in increase in 
hardness. Both in untreated and T6 tempered states, increase of B4C particle size 
tended to increase hardness slightly. 
Table 7.1 Hardness values of the samples 
HV2 Specimen 
Untreated T6 tempered 
Reference Alloy 106±6,6 165±5,4 
Unreinforced 7075 Al Alloy 108±2,8 153±3,7 
Composite containing  10 wt. % 10µm B4C 179±20,9 253±17,8 
Composite containing  10 wt. % 25µm B4C 179±12,9 256±19,2 
Composite containing  10 wt. % 30µm B4C 185±9,4 262±23,4 
Composite containing  10 wt. % 75µm B4C 192±12,7 266±25 
7.3. Wear Test Results 
The 3-D views and surface profiles of the wear tracks developed on the surfaces of 
the samples are presented in appendix Figures A.4-A.7 and A.8-A.11, respectively. 
The size and corresponding areas of the wear tracks are listed in appendix Tables 
A.1-A.4. In this study the relative wear ratio (RWR) values of the samples, which 
were calculated as; 
Ball  OAlby  Alloy Worn Reference  Untreatedof AreaTrack Wear 
Sample a of AreaTrack Wear RWD
32
=  
Fig. 7.5 compares the RWR values of the examined materials worn by Al2O3
 
and 
steel balls.  
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 (b) 
Figure 7.5: Relative wear ratio values of examined materials tested by (a) Al2O3
  
balls and (b) steel balls   
When the relative wear ratio of samples are considered, it was observed that for both 
untreated and T6 tempered samples there was an increasing tendency in wear 
resistance with the addition of boron carbide, but wear resistances of composites 
were affected by boron carbide particle size slightly. Samples worn by Al2O3 balls 
exhibited higher relative wear ratio than that of samples worn by steel balls. 
Therefore samples worn by steel balls have higher wear resistance than that of 
samples worn by Al2O3 balls. While heat treatment has a positive effect on wear 
resistance of samples worn by Al2O3 balls, the effect of heat treatment is not very 
clear for samples worn by steel balls.  
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The optical micrographs of the worn surfaces of the heat treated specimens with 
Al2O3
 
and steel balls are shown in Figures 7.6 and 7.7, respectively.   
                
   (a)       (b)  
     
                 
   (c)       (d)  
                      
                 
       (e)       (f) 
Figure 7.6: Optical micrographs of the worn surfaces of  T6 tempered samples worn 
by Al2O3 balls (a) reference sample, (b) unreinforced 7075 Al alloy, (c) 
composite containing 10µm B4C, (d) composite containing 25µm B4C, (e) 
composite containing 30µm B4C and (f) composite containing 75µm B4C   
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      (a)             (b) 
           
(c)               (d) 
           
     (e)        (f) 
Figure 7.7: Optical micrographs of the worn surfaces of T6 tempered samples worn   
by steel balls (a) reference sample, (b) unreinforced 7075 Al alloy, (c) 
composite containing 10µm B4C, (d) composite containing 25µm B4C, 
(e) composite containing 30µm B4C and (f) composite containing 75µm 
B4C 
As can be seen from Figures 7.6 and 7.7, wear tracks formed by steel balls are 
obviously narrower than that of formed by Al2O3 balls. Optical micrographs of the 
worn surfaces of untreated specimens with both Al2O3 and steel balls are given in 
appendix Figures A.12 and A.13, respectively. Optical micrographs of balls are 
presented in appendix Figures A.14-A.17. 
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7.4. Corrosion Test Results 
The weight loss values of the composites during corrosion test are listed in appendix 
Tables A.5 and A.6. Corrosion loss with respect to time for untreated and heat treated 
specimens are given in Figure 7.8 in terms of weight loss per unit surface area of 
sample in gr/mm². Untreated and T6 tempered samples exhibited completely 
different behavior during corrosion tests. With increasing holding time in corrosion 
solution, corrosion loss stayed almost constant at about 3x10-4 gr/mm2 for untreated 
samples while increased for T6 tempered samples.  
0
1
2
3
4
5
6
0 3 6 9 12 15 18 21 24
Time (h)
Co
rr
o
s
io
n
 
Lo
s
s
 
(g
r/m
m
2 )x
(10
4 )
Unreinforced 7075
Al Alloy
10µm B4C
25µm B4C
30µm B4C
75µm B4C
 
(a) 
0
1
2
3
4
5
6
0 3 6 9 12 15 18 21 24
Time (h)
Co
rr
o
s
io
n
 
Lo
s
s
 
(g
r/m
m
2 )x
(10
4 )
Unreinforced 7075
Al Alloy
10µm B4C
25µm B4C
30µm B4C
75µm B4C
 
 (b) 
Figure 7.8: Corrosion loss with respect to time of (a) untreated specimens and (b) T6 
tempered specimens 
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In Figure 7.9 the pH changes of the corrosion solution that occurred during corrosion 
tests are presented. pH values of the solution increased as the testing time increased. 
In the first twelve hours period, pH values of corrosion solutions used for testing of 
T6 tempered samples increased slightly while the pH values of the corrosion 
solutions used for testing of untreated samples increased sharply.  
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 (b) 
Figure 7.9: Change in the pH values of corrosion solutions used for (a) untreated 
samples and (b) T6 tempered samples 
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Figure 7.10 depicts the changes of the conductivity of corrosion solutions with 
respect to testing time. Conductivities of solutions used for untreated samples 
decreased in the beginning of the test (within 3h) while conductivities of solutions 
used for T6 tempered samples decreased gradually (within 12h). 
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Figure 7.10: The changes in conductivity of corrosion solutions used for (a) 
untreated samples and (b) T6 tempered samples  
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SEM examinations showed that an oxide layer had formed on the surfaces of 
untreated samples resulting in decrease in corrosion loss. On the other hand, SEM 
examinations also showed that pits had formed on the surfaces of T6 tempered 
samples without any indication of oxide layer formation during corrosion tests.  
 
         
(a) (b) 
         
 (c)                (d) 
Figure 7.11: SEM images of corroded samples (a) untreated unreinforced 7075 Al 
alloy, (b) T6 tempered unreinforced 7075 Al alloy, (c) untreated 
composite containing 75µm B4C and (d) T6 tempered composite 
containing 75µm B4C 
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Macro EDS results listed in Tables 7.2 and 7.3 supported the SEM images. 
Table 7.2: Macro EDS results of corroded unreinforced 7075 Al alloys  
Concentration (wt.%) Element 
Untreated T6 Tempered 
Al 50,849 77,884 
O 45,293 16,083 
Zn 2,212 3,349 
Mg 1,646 2,483 
 
Table 7.3: Macro EDS results of corroded composites containing 75µm B4C 
Concentration (wt.%) Element 
Untreated T6 Tempered 
Al 44,149 56,248 
O 43,913 26,33 
C 12,382 13,382 
Zn 1,515 2,134 
Mg 1,041 1,905 
EDS results (Tables 7.2 and 7.3)  indicated that untreated samples had more oxygen 
in their microstructures than the T6 tempered samples. More oxygen content in 
untreated samples indicated the formation of oxide layer on the surfaces of untreated 
samples.   
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Table 7.4 shows the concentrations of pits which occur on the sample surfaces during 
corrosion tests after twenty-fours hours.      
Table 7.4: Pit concentrations on the surface of the studied materials after 24 hours of 
corrosion test 
Pit concentration on surface Specimen 
Untreated T6 tempered 
Unreinforced Al 7075 Alloy 12,0 13,6 
Composite containing  10 wt. % 10µm B4C 22,8 19 
Composite containing  10 wt. % 25µm B4C 37,4 15,6 
Composite containing  10 wt. % 30µm B4C 26,3 22,5 
Composite containing  10 wt. % 75µm B4C 22,2 22,8 
 
Since B4C particles located at the surface drop into the corrosive solution resulting in 
formation of pits, pit concentration strongly depended on the amount of B4C 
particles located on the surface. Cross sections of corroded samples are given at 
appendix in Figures A.18 and A.19. 
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8. CONCLUSIONS 
Results of this study can be stated as;  
In the microstructure of the composite manufactured by hot pressing of comminuted 
7075 aluminum alloy chip (2-3 mm in size) and 10 wt.% B4C particle (10, 25, 30 and 
75µm) mixtures, B4C particles were mainly segregated along the chip boundaries. 
Multi-axially pressing of hot pressed composites encouraged formation of laminated 
structure. This fabrication process caused precipitation of AlB2 phase in the final 
microstructure. 
In the case of hardness, it was observed that unreinforced 7075 Al alloy exhibited 
almost similar hardness to that of reference alloy (conventionally extruded alloy). 
Addition of 10 wt.% B4C particles and application of T6 temper resulted in increase 
in hardness. Both in untreated and T6 tempered states increase of B4C particle size 
tended to in increase hardness slightly. 
Untreated and T6 tempered composites exhibited higher wear resistance than that of 
unreinforced 7075 Al alloy. When compared to untreated state, T6 temper improved 
wear resistance.  The wear resistance increased slightly with increasing the size of 
boron carbide.  
Untreated and T6 tempered composites exhibited completely different corrosion 
behavior during corrosion tests. With increasing holding time in corrosion solution 
corrosion loss of untreated samples decrease while that of T6 tempered samples 
increase with respect to holding time. Decrease in corrosion loss of untreated 
samples is probably due to the formation of oxide layer on the surfaces. 
7075 aluminum alloy matrix composites fabricated from machining chips can 
become an attractive engineering material if chips can be comminuted to smaller 
sizes.    
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APPENDIX  
       
    (a)       (b) 
      
    (c)       (d) 
 
 (e) 
Figure A.1: Microstructures of the just hot pressed 7075 Al alloy and B4C    
reinforced composites (a) 7075 Al alloy, (b) composite containing 
10µm B4C, (c) composite containing 25µm B4C, (d) composite 
containing 30µm B4C  and (e) composite containing 75µm B4C      
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     (a)                          (b) 
     
(c) (d) 
 
 (e) 
Figure A.2: Microstructures of the hot pressed and once multi-axially pressed 7075 
Al alloy and B4C reinforced composites (a) 7075 Al alloy, (b) 
composite containing 10µm B4C, (c) composite containing 25µm B4C, 
(d) composite containing 30µm B4C and (e) composite containing 75µm 
B4C      
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                 (a)               (b) 
    
                 (c)               (d) 
 
         (e) 
Figure A.3: High magnification micrographs of the 7075 Al alloy and B4C 
reinforced composites (a) 7075 Al alloy, (b) composite containing 
10µm B4C, (c) composite containing 25µm B4C, (d) composite 
containing 30µm B4C and (e) composite containing 75µm B4C 
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(a)          (b) 
 
     
(c)    (d) 
 
     
 (e)           (f)   
Figure A.4:  3-D views of the wear tracks developed on T6 tempered 7075 Al alloys 
and B4C reinforced composites operated by Al2O3 balls  (a) reference 
sample, (b) unreinforced 7075 Al alloy, (c) composite containing 10µm 
B4C, (d) composite containing 25µm B4C, (e) composite containing 
30µm B4C and (f) composite containing 75µm B4C 
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(a)    (b) 
 
     
(c)                     (d) 
 
     
 (e)           (f) 
Figure A.5: 3-D views of the wear tracks developed on T6 tempered 7075 Al alloys 
and B4C reinforced composites operated by steel balls (a) reference 
sample, (b) unreinforced 7075 Al alloy, (c) composite containing 10µm 
B4C, (d) composite containing 25µm B4C, (e) composite containing 
30µm B4C and (f) composite containing 75µm B4C 
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        (a)                   (b)    
 
     
       (c)        (d) 
 
     
        (e)        (f) 
Figure A.6: 3-D views of the wear tracks developed on untreated 7075 Al alloys and 
B4C reinforced composites operated by Al2O3 balls  (a) reference 
sample, (b) unreinforced 7075 Al alloy, (c) composite containing 10µm 
B4C, (d) composite containing 25µm B4C, (e) composite containing 
30µm B4C and (f) composite containing 75µm B4C 
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       (a)           (b) 
 
     
       (c)            (d) 
 
     
 (e)             (f) 
Figure A.7: 3-D views of the wear tracks developed on untreated 7075 Al alloys and 
B4C reinforced composites operated by steel balls  (a) reference sample, 
(b) unreinforced 7075 Al alloy, (c) composite containing 10µm B4C, (d) 
composite containing 25µm B4C, (e) composite containing 30µm B4C  
and (f) composite containing 75µm B4C  
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        (e)       (f) 
Figure A.8: Surface profiles of the wear tracks developed on T6 tempered 7075 Al 
alloys and B4C reinforced composites operated by Al2O3 balls (a) 
reference sample, (b) unreinforced 7075 Al alloy, (c) composite 
containing 10µm B4C, (d) composite containing 25µm B4C, (e) 
composite containing 30µm B4C and (f) composite containing 75µm 
B4C  
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     (e)        (f) 
Figure A.9: Surface profiles of the wear tracks developed on T6 tempered 7075 Al 
alloys and B4C reinforced composites operated by steel balls  (a) 
reference sample, (b) unreinforced 7075 Al alloy, (c) composite 
containing 10µm B4C, (d) composite containing 25µm B4C, (e) 
composite containing 30µm B4C and (f) composite containing 75µm 
B4C  
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     (e)       (f) 
Figure A.10: Surface profiles of the wear tracks developed on untreated 7075 Al 
alloys and B4C reinforced composites operated by Al2O3 balls  (a) 
reference sample, (b) unreinforced 7075 Al alloy, (c) composite 
containing 10µm B4C, (d) composite containing 25µm B4C, (e) 
composite containing 30µm B4C and (f) composite containing 75µm 
B4C 
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Figure A.11: Surface profiles of the wear tracks developed on untreated 7075 Al 
alloys and B4C reinforced composites operated by steel balls  (a) 
reference sample, (b) unreinforced 7075 Al alloy, (c) composite 
containing 10µm B4C, (d) composite containing 25µm B4C, (e) 
composite containing 30µm B4C and (f) composite containing 75µm 
B4C  
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Table A.1: The size and corresponding areas of the wear tracks of T6 tempered 
samples worn by Al2O3 balls 
Sample Vertical 
Distance 
(mm) 
Horizontal 
Distance (mm) 
Wear Track 
Area(mm2) 
Reference Alloy 0,027 1,03 0,0222 
 
Unreinforced 7075 Al Alloy 0,023 0,95 0,0174 
 
Composite containing  
10µm B4C 
0,017 0,95 0,0131 
 
Composite containing  
25µm B4C 
0,018 0,95 0,0138 
 
Composite containing  
30µm B4C 
0,010 0,89 0,0075 
 
Composite containing  
75µm B4C  
0,015 0,91 0,0109 
 
 
 
Table A.2: The size and corresponding areas of the wear tracks of T6 tempered 
samples worn by steel balls 
Sample Vertical 
Distance 
(mm) 
Horizontal 
Distance (mm) 
Wear Track 
Area(mm2) 
Reference Alloy 0,022 1,08 0,0187 
 
Unreinforced 7075 Al Alloy 0,019 0,94 0,0141 
 
Composite containing  
10µm B4C 
0,009 0,84 0,0065 
 
Composite containing  
25µm B4C 
0,012 0,92 0,0088 
 
Composite containing  
30µm B4C 
0,006 0,78 0,0042 
 
Composite containing  
75µm B4C 
0,014 0,85 0,0097 
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Table A.3: The size and corresponding areas of the wear tracks of untreated samples 
worn by Al2O3 balls 
Sample Vertical 
Distance 
(mm) 
Horizontal 
Distance (mm) 
Wear Track 
Area(mm2) 
Reference Alloy 0,027 1,17 0,0254 
 
Unreinforced 7075 Al Alloy 0,026 1,07 0,0225 
 
Composite containing  
10µm B4C 
0,017 1,05 0,0141 
 
Composite containing  
25µm B4C 
0,019 1,00 0,0153 
 
Composite containing  
30µm B4C 
0,014 1,01 0,0114 
 
Composite containing  
75µm B4C 
0,016 0,89 0,0112 
 
 
Table A.4: The size and corresponding areas of the wear tracks of untreated samples 
worn by steel balls 
Sample Vertical 
Distance 
(mm) 
Horizontal 
Distance (mm) 
Wear Track 
Area(mm2) 
Reference Alloy 0,025 1,12 0,0224 
 
Unreinforced 7075 Al Alloy 0,020 0,99 0,0159 
 
Composite containing  
10µm B4C 
0,010 0,84 0,0071 
 
Composite containing  
25µm B4C 
0,008 0,95 0,0065 
 
Composite containing  
30µm B4C 
0,13 0,95 0,0100 
 
Composite containing  
75µm B4C 
0,0085 0,84 0,0056 
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                 (a)                       (b)   
   
           
       (c)             (d) 
 
     
     (e)           (f) 
Figure A.12: Optical micrographs of the worn surfaces of  untreated specimens worn 
by Al2O3 balls (a) reference sample, (b) unreinforced 7075 Al alloy, 
(c) composite containing 10µm B4C, (d) composite containing 25µm 
B4C, (e) composite containing 30µm B4C and (f) composite 
containing 75µm B4C      
 
  60 
           
       (a)           (b) 
 
     
       (c)           (d) 
 
           
       (e)           (f) 
Figure A.13: Optical micrographs of the worn surfaces of  untreated specimens worn 
by steel balls (a) reference sample, (b) unreinforced 7075 Al alloy, (c) 
composite containing 10µm B4C, (d) composite containing 25µm 
B4C, (e) composite containing 30µm B4C and (f) composite 
containing 75µm B4C      
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     (a)                         (b) 
 
            
     (c)             (d) 
 
            
      (e)            (f)   
Figure A.14: Optical micrographs of  Al2O3 balls used for wearing T6 tempered 
specimens (a) reference sample, (b) unreinforced 7075 Al alloy, (c) 
composite containing 10µm B4C, (d) composite containing 25µm 
B4C, (e) composite containing 30µm B4C and (f) composite 
containing 75µm B4C  
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      (a)            (b) 
 
            
        (c)            (d)    
 
            
       (e)            (f) 
Figure A.15: Optical micrographs of  steel balls used for wearing T6 tempered 
specimens (a) reference sample, (b) unreinforced 7075 Al alloy, (c) 
composite containing 10µm B4C, (d) composite containing 25µm 
B4C, (e) composite containing 30µm B4C and (f) composite 
containing 75µm B4C  
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   (a)             (b) 
 
            
  (c)           (d) 
  
            
  (e)         (f) 
Figure A.16: Optical micrographs of Al2O3 balls used for wearing untreated 
specimens (a) reference sample, (b) unreinforced 7075 Al alloy, (c) 
composite containing 10µm B4C, (d) composite containing 25µm 
B4C, (e) composite containing 30µm B4C and (f) composite 
containing 75µm B4C  
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                (a)               (b) 
 
            
   (c)       (d) 
 
            
    (e)       (f) 
Figure A.17: Optical micrographs of steel balls used for wearing untreated    
specimens (a) reference sample, (b) unreinforced 7075 Al alloy, (c) 
composite containing 10µm B4C, (d) composite containing 25µm 
B4C, (e) composite containing 30µm B4C and (f) composite 
containing 75µm B4C  
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Table A.5: Weights (g) of T6 tempered samples during corrosion tests 
Time (h) Specimen Surface Area 
(mm2) 
0 3 6 9 12 24 
Unreinforced 
7075 Al Alloy 
314 5,7168 5,6645 5,6450 5,6320 5,6202 5,5714 
Composite with 
10µm B4C 
314 5,2380 5,1555 5,1328 5,1168 5,1067 5,0753 
Composite with 
25µm B4C 
314 5,4007 5,3185 5,2961 5,2783 5,2682 5,2377 
Composite with 
30µm B4C 
314 4,4660 4,4182 4,4020 4,3877 4,3775 4,3286 
Composite with 
75µm B4C 
314 5,5278 5,4744 5,4519 5,4290 5,4107 5,3594 
 
Table A.6: Weights (g) of untreated samples during corrosion tests 
Time (h) Specimen Surface Area 
(mm2) 
0 3 6 9 12 24 
Unreinforced 
7075 Al Alloy 
314 5,0968 4,9956 4,9968 5,0075 5,0137 5,0147 
Composite with 
10µm B4C 
314 4,6803 4,5826 4,5858 4,5971 4,6002 4,6011 
Composite with 
25µm B4C 
314 4,5407 4,4478 4,4403 4,4463 4,4503 4,4478 
Composite with 
30µm B4C 
314 4,9243 4,8261 4,8235 4,8333 4,8369 4,8359 
Composite with 
75µm B4C 
314 4,8045 4,7200 4,7079 4,7151 4,7189 4,7144 
 
  66 
 
 
           
        (a)       (b) 
 
           
     (c)       (d) 
 
 
 (e) 
Figure A.18: Cross sections of T6 tempered samples after corrosion tests (a) 
unreinforced 7075 Al alloy, (b) composite containing 10µm B4C, (c) 
composite containing 25µm B4C, (d) composite containing 30µm B4C 
and (e) composite containing 75µm B4C      
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                   (a)       (b) 
 
           
        (c)       (d) 
 
 
 (e) 
Figure A.19: Cross sections of untreated samples after corrosion tests (a) 
unreinforced 7075 Al alloy, (b) composite containing 10µm B4C, (c) 
composite containing 25µm B4C, (d) composite containing 30µm 
B4C and (e) composite containing 75µm B4C      
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